Realistic service life calculations should take into account that several types of damage may act simultaneously. The possible interactions between the various degradation phenomena that may affect concrete structures exposed to winter climate are reviewed. Concrete with compressive strength in the range 50 -100 MPa show ice abrasion in the range 0,0075 -0,015 mm/km ice passage, studded tire abrasion 0,5 -3 mm/10 4 passage and saltfrost scaling in the order of 0 -0,01 mm/cycle. The mechanisms of degradation are reviwed from both a fundamental and practical point of view. Potential interaction effects are discussed. Interaction is mainly reducing service life, as illustrated by calculations performed for structures exposed to the combined effects of ice abrasion and frost action.
INTRODUCTION
In Nordic environments, concrete structures like dams, piers, bridges and light houses are often affected simultaneously a wide range of degradation phenomena. However, in most laboratory procedures, these mechanisms are often isolated from one another and samples are being subjected to a single mechanism. Accordingly, synergistic effects are systematically overlooked. There is therefore a need to develop a better understanding of the real interaction between these different actions in order to assess the service life of concrete elements exposed to natural conditions.
A review of the main mechanisms likely to affect concrete structures exposed to sub-zero temperatures is presented. These include frost-induced cracking, de-icer salt scaling, ice abrasion and impact by studded tires. Each of these phenomena is first discussed separately. Then, new approaches that allow taking into account the combined influence of multiple detrimental actions are described.
exposure to frost also resulted in shifts in pore size distributions. Damage was first seen to slightly increase the volume of small capillary pores, while recrystallization contributed to reduce the porosity [12] .
The early frost damage can probably be most easily studied by subjecting concrete to rapid freezing and thawing cycles in water. Various concretes were exposed in this manner and then studied by optical microscopy and SEM [13, 14] . In non-air entrained concrete, the early damage took the form of very thin cracks with apertures ranging from 1 to 10 microns. These cracks tended to self heal due to the precipitation of various hydrates such as C-S-H. For samples subjected to repeated cycles in water, damage was first initiate around aggregate particles [13, 14] to finally develop to a more or less continuous network. These experiments led to the elaboration of a conceptual model describing the progression of frost damage [15, 16] .
The frost damage of field concrete samples extracted from 6 -40 year old bridges in the Stockholm area was studied using OM on fluorescence impregnated plane-and thin sections [17] . The mixtures had varying air contents and moisture loads. Damage was found to be very similar to what is typically observed for laboratory samples. Cracks were observed at different stages of deterioration. The first cracks were found to be a few microns wide and parallel to the surface. More damaged specimens had wider cracks appearing in layers mostly parallel to the surface. The internal moisture movement during the long periods of freezing and thawing apparently had led to the deposition of new products (e.g. calcium hydroxide and ettringite) in air voids located within the first 10 -25 mm of concrete underneath the surface. The deposits seen in the air voids of the field concrete samples were apparently much more abundant than what could be observed in the laboratory specimens [11, 12, 14] .
Damage resulting from exposure to frost is commonly measured as length or volume change. This approach has been found to be the most reliable way of assessing the frost behavior of concrete [2, 5, 6] . It can be used to assess damage and monitor the formation of ice within the material's pore structure. These measurements are, however, mainly restricted to well-controlled laboratory conditions. Damage can also be evaluated by monitoring the evolution in the degree of saturation and ice formation. When freezing and thawing cycles are performed with the samples in contact with water, ice formation and internal moisture movements favor the absorption of external water by concrete. This so-called "pumping effect" is even further accelerated if internal damage occurs. In high performance concrete, it has been found that only parts of the water that is "pumped in" after internal cracking is freezable just below zero. Apparently, some water is forced into very small pores where it can freeze only at very low temperatures [18] . Once degradation is initiated, the volume of water absorbed was found to correspond well to the volume of frost-induced cracks [19] , see Table 1 . Change of volume (∆V/V 0 ), mass (∆m/m 0 ) and density (kg/m 3 ) were measured on a series of cylindrical specimens during more than 300 rapid freeze/thaw cycles with wet/moist concrete surfaces [19] . Two concrete mixtures were made with the same constituents: OPC, water/cement ratio = 0.40 and natural aggregate. The first mixture, labeled NA, was not air entrained while the second (noted A) was intentionally air entrained. The mixtures had spacing factors of 1.10 and 0.23 mm, respectively. Density measurements were made by accurate weighing of saturated surface dry specimens in air and water. The densities at zero cycles indicated that the concrete mixtures had roughly 4.5% in excess pore volume, presumably associated with the presence of air voids.
2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada A loss of compressive strength of 60 % associated with the frost-induced cracking was measured for the NA mixture after only 95 cycles, and microscopy on plane sections showed micro cracks. The A concrete was undamaged after more than 300 cycles in terms of cracks and loss of strength. Table 1 shows, however, absorption also in the undamaged A-specimens during the freezing and thawing cycles as registered by the increased density, corresponding to 0.4 vol-% (2372-2368 kg/m 3 ). This absorption of the undamaged A-specimens represents the first part of the "pumping effect". The water uptake is probably filling up voids created by self desiccation and air bubbles since the capillary pores were presumably saturated due to moist curing before testing. This mechanism is further discussed by Pigeon [11] . Despite the progressive absorption, the entrained air-void system can be expected to offer some protection up to the point where the critical degree of saturation is reached [8] .
Thus, frost exposure in laboratory and field seems to generate similar types of damage in the form of cracks and chemical alterations. However, the degree of damage varies with the characteristics of the environment (freezing, degree of saturation etc.) and material (air voids, binder, w/b etc.). Numerical models have been created that describe the progress of mechanical damage (mainly based on FEM) and damage mechanisms (hydraulic, micro ice lens etc.) [20] [21] [22] . Direct comparison of the FEM-model [21] with length change measured in laboratory during freezing [23] showed similar behavior in spite of many simplifications on important parameters like size, damage mechanism and moisture transport.
A special form of damage occurs when concrete is produced with frost-susceptible aggregates, such as light weight aggregates, various porous natural rock and recycled aggregate [24] [25] [26] . The crack patterns are often coarser than what is typically observed for non-durable concrete made of normal weight aggregate. Damage may occur with saturated aggregate with absorption as low as 2 % of volume [27] .
Modeling the mechanisms of deterioration by internal cracking
Despite the fact that the frost resistance of hydrated cement systems has been the subject of numerous investigations over the past decades, reliable models to describe the volume instability of concrete structures upon freezing have yet to be developed. As previously emphasized, the mechanisms that control the durability of concrete subjected to freezing and thawing cycles are intricate and involve numerous multi-scale phenomena more or less coupled to one another [9, 28] . Over the years, various models have been proposed to predict the behavior of hydrated cement systems exposed to frost action [29] [30] [31] . For instance, a 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada numerical model was recently developed by Zuber and co-workers [32] . This model can be used to predict the amount of ice formed and the subsequent dilation of saturated materials. Although promising, this approach is however limited to the treatment of saturated cement paste samples and cannot be used to predict the behavior of full-scale structures subjected to wetting and drying cycles. Numerous standard test procedures have been developed to assess the frost durability of concrete [33] . If these test methods have proven to generate valuable information on the frost durability of concrete, they can hardly be used to predict the service life of structures [34] [35] [36] . Concrete is usually tested fully saturated, which does not reproduce field exposure conditions. Furthermore, the characteristics 1 of the freezing cycles used for these tests are usually much more severe that what is found in service. Accordingly, accelerated laboratory test procedures are frequently considered to be much too severe.
In that respect, the development of a reliable (quantitative) numerical model would present numerous practical advantages. It could for instance offer valuable assistance in the selection of constituents and the design of durable concrete mixtures. Such a model could also be used to predict the remaining service-life of existing structures, and help in the selection of appropriate remediation strategies.
De-icer salt scaling
Scaling is a progressive deterioration that happens when concrete is subjected to freezing and thawing in presence of a salt solution. This degradation usually manifests itself by the removal of small pieces of mortar from the concrete surface. Scaling can lead to the exposure of coarse aggregates. Numerous mechanisms have been proposed to explain the degradation of concrete by salt scaling but none account for the entire body of results published on the subject [37, 38] . The following paragraphs will briefly review the parameters that influence the resistance of concrete to this type of degradation.
Scaling resistance is typically assessed by standard tests which attempt to reproduce the most severe conditions found in service. The procedures usually consist in subjecting a concrete sample covered with a salt solution to daily freezing and thawing cycles. Scaling is evaluated by rating visually the surface or by regularly weighing the scaled-off particles. This procedure is strongly sensitive to various parameters. The very few systematic comparisons between laboratory and field scaling indicate a relatively poor correlation between the two series of results [39] [40] [41] . In most cases, laboratory methods are found to over estimate scaling.
It appears clearly that both the quality of the air void system and the density of the hydrated cement paste have an influence on scaling [37, 38] . Investigations on the topic indicate that if proper air entrainment does not offer full protection against scaling it contributes to strongly reduce the intensity of degradation. Typically, a spacing factor of 230 µm or less is recommended to improve the scaling resistance of concrete. High water/binder ratio concretes have coarser and higher porosity and are usually more susceptible to scaling. The low water/binder ratios of high performance concretes tend to reduce the volume of freezable water and enhance the de-icer salt scaling resistance of the material. The behavior of concrete also tends to be affected by parameters such as the type of binder and the nature of the chemical admixtures. For instance, degradation usually increases with the content of fly ash or slag [37, 38] . However, the role of these parameters is not clear. Their influence could well be on the capillary pore system (effect on freezable water, ice formation in pores and water movements) or on the microstructure of the surface layer (resistance as a function of type and quantity of hydrates and of air voids). The composition of the concrete mixture can also have a combined effect by modifying the sensitivity of concrete to other parameters.
Scaling is a surface problem sensitive to everything that can modify the superficial layer. Numerous studies have shown the existence of a weak and porous layer on the surface of concrete that would scale more easily [37, 40, 42] . The formation of this layer would be due to the bleeding, strongly influenced by casting conditions (mould or granular base, wind, relative humidity, temperature, vibration, etc.) The workability of the concrete combined with the finishing and curing operations can also have an important influence on both the mechanical properties and the microstructure of the surface [37, 39] . However, the surface is so sensitive to these parameters that it is hard to isolate one factor from all these others. These parameters could be partly responsible for the variability and the discrepancy observed between field and laboratory specimens.
Surface exposure also has a significant influence on scaling. Studies have shown that drying and wetting cycles, as well as carbonation of the surface, can modify the performance of concrete. [37, 43] The characteristics of the freezing and thawing cycles have also a direct bearing on the resistance of concrete to scaling. Studies have shown that no significant scaling occurs if temperature is maintained above -10°C [44] [45] [46] . Once this critical value is reached, damage tends to increase as temperature is reduced. The duration of the freezing period is reported to be more critical than the cooling rate [47, 48] . Damage is also sensitive to the concentration of the salt solution in contact with the concrete surface. Deterioration gradually increases as the salt concentration is increased up to a pessimum concentration of roughly 3% by mass, regardless to the type of de-icer used [37, 38] .
Several mechanisms have been proposed to explain salt scaling degradation. Most of them rely on pressures developed related to the ice formation in the pore system [37, 38] . According to these theories, damage does result to pressures exerted by the ice on pore walls or by hydraulic and osmotic pressures developed by the expulsion of water during the growth of ice in the pore system. Others suggest that pressures could be due to the crystallization of salts or of expansive product in the pore system. Valenza and Scherer [49] recently proposed a new mechanism that explains a great deal of experimental observations. According to this new approach, scaling would be due to fractures in the ice layer that would penetrate the concrete surface and bifurcate in such a way as to remove small flakes of mortar. During cooling, salt in the outer solution would create brine pockets in the ice that would act as flaws. The pessimum concentration of salt in the outer solution is explained by the fact that pure water is too strong to crack and at higher concentrations, the ice/brine mixture is not rigid enough to develop stresses.
The proposed mechanism correlates well with many observations made on the behavior of samples tested under laboratory conditions. More work is however needed to explain the few cases where scaling occurs in presence of pure water, the influence of the air void system, supplementary cementing materials, etc.
Prediction of the performance of concrete exposed to freezing temperatures
The first prediction model was proposed by Fagerlund in 1971 [8] . The approach was based on the existence of a critical degree of saturation, S crit . In its simplest form, it expresses 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada frost durability F(t) as a function of the time needed for the actual degree of saturation S act (t) of a given material exposed to a given environment to exceed S crit :
The end of service life is reached if F(t) becomes negative. The values of S crit and S act can be determined experimentally for each concrete mixture [50] . Equation (1) can be applied to areas of a structure with poor drainage and/or in direct contact with water.
In practice, internal cracking is not the most common form of degradation. In many cases, it occurs simultaneously with de-icer salt scaling [51] . Due to the different nature of the latter phenomenon, another modeling approach is required. A service life model that has been applied to practical cases of frost and salt exposure is the one used by the Finnish Road Authorities [52] [53] [54] . It is mainly based on empirical results. The following set of equations has been developed to predict service life by calculating damage with the so-called P-value [52] : For instance, in the European standard EN 206-1 exposure class XF2 (moderate saturation of water and deicer salt): service-life = 2,00 · P-value, and in exposure class XF4 (heavy saturation of water and deicer salt): service-life = 1,25 · P-value. Vesikari [53] suggests the following service life and P-value calculation formula for hardened concrete.
where µ(t L ) is the service life [years], k e the circumstantial factor [ -] An example of service life calculation is presented in section 3.2.
2.2
Abrasion of concrete by ice The abrasion of concrete by ice is the sum of a series of deterioration mechanisms as illustrated in Figure 1 [55] [56] [57] . The abrasion mechanism due to ice sheets crushing against the concrete surface can be divided in three steps (see Figure 2) : abrasion of cement paste, abrasion of cement paste and loosening of protruding aggregate stones and abrasion of cement paste when the bond between larger aggregate particles and the cement paste is so weak that the stones loosen upon the first ice impact.
2nd The abrasion rate of the cement paste depends on its strength. The relationship between these two factors and the movement of the ice can be described by the following equation: When the surface degradation has reached the point according to which aggregate particles protude, the depth of abrasion can be calculated using the following equation:
2nd The abrasion depth when the bond strength between larger aggregate particles and the cement paste is so weak that the stones loosen during the first ice impact is given by:
where s is the movement of the ice sheet [km] and ∑ a i the total proportional volume of aggregate stones in concrete Lets assume that the final limit state for service life is the time at which the abrasion depth of concrete by the movement of the ice has reached the depth of the concrete cover. Fiorio [58, 59] investigated the small-scale effects of the friction-induced wear of concrete. The results of experimental investigations performed at the ice-concrete contact confirm the three-step mechanism previously described. Measurements of the wear rate of concrete showed that a stable wear rate is typically obtained after erosion of the superficial layer of cement paste. It depends on the sliding speed and the pressure in the contact but is independent of the average roughness of the plate.
2.3
Studded tire abrasion Steel-studded tires have been used in the Nordic countries, Canada and partly in the US since 1960. Research on the resulting increase in abrasion depth of road surfaces started fairly quickly [60] . Already in the late sixties and early seventies it was found independently in the Nordic Countries and Canada that concrete had less than half the abrasion of asphalt [60] [61] [62] . Various accelerated test methods for studded tire abrasion have since been developed. One example is the method used by the Swedish Road Research Laboratory in the 60's [63] . Results after 200.000 of passes showed lower abrasion on normal strength concrete than on asphalt after the surface (paste rich) layer had been abraded. More recent results [64] [65] [66] indicate that the use of high strength concrete contributes to reduce abrasion. Tveter [62] found that damage mainly results from a combination of abrasion by friction and impact. Research on studded tire abrasion of high strength concrete in Norway has been performed at the Norcem test facility [65] . The abrasion depth in the Norcem facility was measured with LVDTs in the wheel track after up to 150.000 rotations with the first half in dry condition and the second half in wet condition. Figure 3 shows an example of accumulated mean abrasion for two of the twelve elements in the circular track. Figure 3 shows how the abrasion is reduced once the paste rich surface layer is abraded. Abrasion is seen to increase linearly with number of rotations for nearly 100 tests series with 12 concrete elements each conducted over a 7 year period [62] . An increase in the concrete strength was found to reduce abrasion [66] . The 160-MPa concrete showed very low abrasion compared to 60 -70 MPa concrete. In addition, abrasion tends to increase when concrete is tested in a wet state. A statistical analysis of the relation between compressive strength and studded tire abrasion on all data from the test laboratory [65] was performed [62] . Figure 4 shows how wet abrasion is reduced as the compressive strength of concrete is increased. On average, an increase of 20 MPa was found to reduce abrasion by approximately 33 %. The effect of silica fume was also studied [62] . For a 0.45 water/binder ratio concrete, a level of replacement of 10 % was found to reduce abrasion by 25 % whereas smaller improvements were found at lower water/binder ratio. This positive effect by silica fume is in line with the results reported by Sellevold and Nilsen [67] . In a study on ordinary and light weight concrete with and without fibres produced at a water/binder ratio of 0.37 to 0.42 [68] it was found that the addition of 10 % silica fume generally resulted in a slight increase in abrasion measured according to ASTM C779 procedure C. This is a test with wet surface, high contact stress, impact and sliding friction with steel balls. However, a positive effect of silica fume and strength on abrasion resistance was again found in Penttala's study on abrasion resistance of high strength concrete for industrial floors [69] . The small scale dry abrasion testing equipment simulating industrial floors had three steel wheels circulating in a diameter of 500 mm. As a whole it thus seems that silica fume reduces abrasion. Replacement of fines < 0.125 mm in natural and crushed sand with limestone filler also improved the abrasion resistance. It was claimed that this was due to the improved packing of the binder phase [62] . The aggregate characteristics are important for concrete abrasion. Early studies [61] showed that conventional concrete could limit abrasion to approximately half of what could be measured for conventional asphalt. Furthermore, coarse aggregate of hard igneous rock experienced lower wear than limestone coarse aggregate. The aggregate abrasion and impact resistance was studied for various coarse (dense, igneous) natural aggregates [70, 71] . The so-called Abr-value [72] expresses the mass loss of coarse aggregate molded into an epoxy disc induced by the combined abrasion and impact of steel studded tires. S [72] is a brittleness number expressed as percentage crushing in a pure impact test on bulk coarse aggregate confined in a cylinder. The parameters Abr and S are used by Norwegian Road Authorities to express the abrasive properties of coarse aggregates for road surfaces. In the Norcem studded tire abrasion facility, a series of concretes were produced with 10 different coarse aggregates at constant volume proportion and particle size distribution. The cube compressive strengths at 28 days varied between 82 and 105 MPa depending on the aggregate. Figure 5 shows how the coarse aggregate "abrasive" Abr-value multiplied by the square root of the "impacted" S-value relates to abrasion depth in the studded tire test. Tveter performed an additional statistical analysis and found that the effect of coarse aggregate on studded tire abrasion was significant [62] . It was also found that wet and dry abrasion was similar for various massive natural igneous rock elements in contrast to the detrimental influence of wet conditions on the abrasion resistance of concrete. It was therefore decided to study how concrete properties like compressive strength (including the effect of aggregate on strength), binder quality and interfacial transitions zones affect deterioration mechanisms. Optical microscopy was performed on thin sections from abraded and unabraded surfaces [62] . The thin sections extracted from the abraded surface revealed a simultaneous abrasion of paste and aggregate. The number of cracks was only slightly increased compared to in sections from the depth and from the side of the track. The cracks extended only a couple of millimeters down indicating little or no volumetric deterioration. Also studies of the interfacial transition zones between aggregate and paste using SEM were performed. These studies revealed that the number of interfacial transition zones of 20 -30 µm thickness were limited. Furthermore, no differences between different types of aggregates could be observed.
Abrasion (mm)
The mechanism of deterioration based on the microscopy observations are not in line with the studded tire abrasion mechanism proposed in the review prepared by Hoff [60] where the performance of concrete pavements in the United States in the late sixties/early seventies was analyzed. It was found that studded tire abrasion concentrated in the matrix until dislodgement of the coarse aggregate occurred. This initial matrix deterioration and subsequent aggregate bond failure does not seem to be the case in high strength concrete with low w/b, silica fume and good quality natural aggregate. Even surface abrasion in paste and aggregate and almost complete absence of volumetric (cracking) damage seems to provide adequate and predictable studded tire abrasion resistance.
The relationship between the accelerated studded tire laboratory of Norcem and real abrasion measured on concrete roads was investigated [65] . On the same concrete quality a similar abrasion of approximately 1.4 mm depth was observed after 10.000 rotations of the accelerated tester and after 10.000 vehicles passing on a real road.
excl .
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DISCUSSION

Interaction 3.1.1 General considerations
Interaction means that two or more types of damage are acting simultaneously. As will be seen there are several interactions between different types of damage. If most interactions have a negative effect on service life, some may have a neutral or positive influence on the durability of concrete. Furthermore, the question of true damage mechanisms could arise since in practice several types of degradation can be active on a concrete structure. One possible parallel is the testing of "pure compressive strength" which in practice is a combination of compression, tension and shear. Another possible parallel is the flow of heat in partly saturated concrete, which is affected by the moisture content of the material. The moisture content, however, is in turn affected by temperature gradients so that true heat conductivity could be difficult to measure and difficult to predict on the long term. There is interaction or coupling between flow of heat and moisture. Also coupling between other mass transfer properties, chemical degradation, mechanical load and temperature induced strain of concrete have been studied [73, 74] . Furthermore, one should distinguish between "cause" and "effect" for a type of damage since the word mechanism, within concrete research, often is covering both meaning.
Internal cracks and surface scaling due to frost and deicer salt
Internal cracks due to frost and surface mass loss due to salt-frost are both often tested in the laboratory on specimens with a continuously wet surface. It has been observed that the amount of scaled material increases as internal cracking progresses [75] . It appears that the increase in surface damage is caused by interaction with internal cracking [76] . Considering volumetric frost damage near the surface, rather dense micro-cracks (< 0,1 mm) parallel to the surface, as those observed on concrete bridge decks by Nieman and Lehtonen [77] , can probably lead to scaling. If so, it becomes difficult to distinguish between surface damage in the form of mass loss and volumetric damage in the form of cracks. One could then think of frost damage in itself as interaction between surface scaling and volumetric damage. However, it has been established [11, 50] that frost-induced internal cracking can occur without scaling.
Ice-abrasion and frost induced damage (internal cracking and de-icer salt scaling)
The investigation of the condition of Swedish lighthouses [78] suggested that there was no interaction between abrasion and frost damage since the major part of the abrasion damage was found to take place below sea level where there is no freezing and thawing. The potential relationship between ice abrasion and other forms of abrasion, such as that resulting from studded tire, has also been debated in the literature [60, 78] . However, ice abrasion has been observed above sea level in accelerated laboratory testing [55] . In this investigation, it was concluded that three different external stresses were imposed to the surface; compression normal to the surface, friction parallel to the surface and tension caused by bond between concrete and ice frozen to the surface. Accordingly, any reduction of its mechanical properties is likely to reduce the abrasion of concrete. This effect has been accounted for in the numerical simulations performed by Huovinen [55] .
As for surface scaling, the presence of salt water tends to increase the degradation by ice abrasion [37, 55, 79] . This phenomenon was partly explained by the more plastic nature of salt water ice causing higher loading than tap water ice. More recently it has been suggested that external ice has an important role in scaling [49] due to changing thermal expansion difference between concrete and ice as salt solution is frozen on the surface. The latter model has been further developed at the nano scale by Copuroglu and al. [80] . Such research could increase the understanding of the ice-concrete interaction since the low bond (roughly 0.3 MPa) of frozen concrete frozen to ice must probably work together with other effects [55] .
Studded tire abrasion and frost-induced damage
It seems that the interaction between studded tire abrasion and volumetric damage (cracks) depends on the mechanical strength of concrete. In high strength concrete, neither cracks extending from the surface to the interior of the concrete nor loss of aggregate bond were found to a significant extent [62] . Consequently, it can be assumed that the abrasion of high performance concrete is mainly a surface phenomenon. In ordinary strength concrete, cracking can be induced by the impact of the studded tires [60] . In this case, interaction between surface damage and internal cracking will probably be similar to that seem between frost degradation and ice abrasion [55] . However, the increased abrasion on wet surfaces compared to dry surfaces [62, 65, 66] suggests that an additional form of interaction may take place. This could be related to the reduced strength of wet concrete. However, since the same amplification of scaling by wet surface is seen in frost exposure there could be other effects as well. In both type of damage, the interaction with water would be related to cracks. Thus, by using high performance concrete, one might perhaps reduce several forms of negative interaction. Finally it should be mentioned that there is interaction between studded tire abrasion and presence of salt increasing the abrasion depth compared to uniform abrasion [61] .
Quantification of damage and interaction
Typical results found for non air entrained concrete with compressive strength in the 50 -100 MPa range show that ice abrasion varies between 0,0075 -0,015 mm/km of ice passage [55] , while studded tire abrasion is in 0,5 -3 mm/10 4 passage range [62] and salt-frost scaling in the order of 0 -0,01 mm/cycle 2 [81] . Strength appears to have a more or less direct influence on all three phenomena. In addition, test results show a linear decrease in both ice and studded tire abrasion with increasing strength.
The interaction between all these three types of damage is of little interest since they hardly would occur in the same part of a structure. Frost and ice abrasion, and frost and studded tire abrasion, however, are more likely to occur at the same location. One way of quantifying how interaction affects rate of deterioration, and thus service life, is to use computer aided coupled nonlinear finite-difference program [82] . The study by Puatatsananon and Saouma [82] focused on the complex multi-physics nature of concrete environmental damage using coupled nonlinear partial differential equations. Heat, relative pore humidity, chloride, and carbonation are all implemented in a two-dimensional coupled nonlinear finite-difference code. Coupling between carbonation and chloride diffusion is explored in the context of both homogeneous and heterogeneous concrete models and simulated. In the next section we will, however, develop the 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada service life calculation approach presented in section 2 for interaction [83] . In addition, methods for experimental study of interaction will be discussed since it seems clear that more experimental research will be required to verify service life calculations with interaction.
Service life calculation with interaction
In the following section, two methods to estimate service life of concrete structures exposed to coupled damage phenomena are briefly presented. The first method consists of a superposition of individual deterioration phenomena. One can then use individual service life equations combined with interaction coefficients. In general, this superposition method is given by the following expression [83] :
where µ(t L ) is mean value of service life which includes an interaction effect [a], µ(t L ) I is mean value of service life of individual calculation equation [a] and k int is interaction coefficient
In the following, an example of the application of the superposition method to the calculation of the service life of a structure subjected to de-icer salt scaling and ice abrasion is presented. Using equations 7, 13 and 14, the calculation is performed as follows:
where µ(t L ) is mean value of service life which includes an interaction effect [a], k int is interaction coefficient, k e is the circumstantial factor, P is salt-frost resistance P-value, f c is the compressive strength of the concrete [MPa], c is the cover depth of the concrete [mm] and s is the movement of the ice sheet [km] Results are presented in Figure 6 for various interaction coefficients and calculated with a stochastic process method. When k int = 1 there is no interaction. As can be seen, for k int = 0.5, the interaction reduces service life by approximately 50 percent (from 98 years to 49 years calculated with stochastic process method with five per cent of probability of damage).
Based on the European standard EN 206-1 exposure class XF2 (moderate saturation of water and de-icer salt) the minimum allowed P-value in the Finnish concrete code [84] is 25 for a design service life of 50 years and 50 for a design service life of 100 years. In exposure class XF4 (heavy saturation of water and de-icer salt), the minimum allowed P-value in Finnish concrete code is 40 for a design service life of 50 years and 80 for design service life of 100 years (used in Figure 6 ). (The interaction effect can also be taken into account in the factorial method by adding an interaction coefficient as variable in the calculation equation. Service life planning based on the factorial method [85, 86] The second method is, in brief, to use laboratory tests and computer software programs to analyze how interaction affects material properties. Changes in material parameters can be used as new values in computer calculations, for example changing every five or ten years. An example is presented in Figure 7 [87] . In the laboratory test, interaction between two variables, (UV-radiation and freeze-thaw (UP); UV-radiation and carbonation (UK); carbonation and freeze-thaw (KP)) are compared with interaction between three variables (UV-radiation, carbonation and freeze-thaw (UKP)). Material properties that are reasonable to study in interaction laboratory tests are: strength properties (compressive and tensile strength, modulus of elasticity, adhesion/bond), permeability properties (carbonation depth, diffusivity, gas permeability measurements, capillarity (water uptake, drying), porosity and pore size distribution etc.), durability properties (frost resistance, air pore distribution, degree of degradation, thin sections). Water absorption is presented as an example of interaction laboratory test in Figure 8 . The absorption of the ten rock based materials is clearly affected very differently by the three isolated exposure conditions compared to the absorption following interaction between all three exposure forms (UV, freeze/thaw and carbonation). Note that experimental results in the third approach can also be probably used for input in the two previous approaches. That is, to determine interaction coefficients and/or to what extent superposition can be used. Once again we would like to emphasize that such experiments should elucidate how the interaction works at least by analyzing the data, 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada reviewing and discussing the mechanisms of the uniform damage types and compare them in terms of interaction.
CONCLUSIONS
Concrete exposed to Nordic environments can suffer from many forms of degradation, including frost-induced cracking, de-icer salt scaling, ice abrasion and impact by studded tires. Studies on theses various types of deterioration indicate emphasize that proper mixture design and adequate air entrainment are the best ways to protect concrete frost action and deicer scaling. An increase of the compressive strength appears to be the best way to increase the resistance of concrete to premature degradation by abrasion and impact by studded tires. When possible, interaction between two or more forms of damage is likely to accelerate degradation.
